Previous studies have shown that in amyotrophic lateral sclerosis (ALS) multiple motor and extra-motor regions display structural and functional alterations. However, their temporal dynamics during disease-progression are unknown. To address this question we employed a longitudinal design assessing motor-and novelty-related brain activity in two fMRI sessions separated by a 3-month interval. In each session, patients and controls executed a Go/NoGo-task, in which additional presentation of novel stimuli served to elicit hippocampal activity. We observed a decline in the patients3 movement-related activity during the 3-month interval. Importantly, in comparison to controls, the patients3 motor activations were higher during the initial measurement. Thus, the relative decrease seems to reflect a breakdown of compensatory mechanisms due to progressive neural loss within the motor-system. In contrast, the patients3 novelty-evoked hippocampal activity increased across 3 months, most likely reflecting the build-up of compensatory processes typically observed at the beginning of lesions. Consistent with a stage-dependent emergence of hippocampal and motor-system lesions, we observed a positive correlation between the ALSFRS-R or MRC-Megascores and the decline in motor activity, but a negative one with the hippocampal activation-increase. Finally, to determine whether the observed functional changes co-occur with structural alterations, we performed voxel-based volumetric analyses on magnetization transfer images in a separate patient cohort studied cross-sectionally at another scanning site. Therein, we observed a close overlap between the structural changes in this cohort, and the functional alterations in the other. Thus, our results provide important insights into the temporal dynamics of functional alterations during disease-progression, and provide support for an anatomical relationship between functional and structural cerebral changes in ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by progressive muscular weakness and atrophy. Although the degeneration of upper and lower motor neurons is the pathological hallmark of the disease, several studies indicated that ALS is a multisystem disorder that also affects cognitive domains (Agosta et al., 2010; Raaphorst et al., 2010; Tsermentseli et al., 2012) . Concordantly, neurodegenerative changes beyond the motor-system have been reported (Anderson et al., 1995; Grosskreutz et al., 2006; Kato et al., 1997; Neumann et al., 2006; Takeda et al., 2009; Wightman et al., 1992) .
Besides such structural changes, functional alterations related to ALS have also been observed across multiple motor and extra-motor regions using a variety of different tasks (for recent review see Tsermentseli et al., 2012) . Most studies observed increased activations of sensorimotor areas and/or recruitment of additional regions, which was interpreted as functional compensation or reorganization within the motor-system (Kew et al., 1993; Kollewe et al., 2011; Konrad et al., 2002; Mohammadi et al., 2011; Schoenfeld et al., 2005) . However, some studies also found an activation decrease of sensorimotor and premotor areas Tessitore et al., 2006) . One major reason for these controversial findings refers to the heterogeneity of the patient populations especially with regard to their particular disease stage during the time of study. Bearing this in mind, it is important to note that neurodegenerative alterations and therewith-interrelated functional loss or compensatory processes are certainly subject to change during progression of the disease. Thus, to identify patterns of functional alterations and their putative modifications during ALS disease-progression, it is indispensable to perform longitudinal within-subject investigations. The present study was designed to directly address such progression-related functional changes in motor and cognitive functions. To this end, brain activity in fourteen ALS patients and fourteen healthy controls was studied in two fMRI sessions separated by a 3-month interval, employing a simple Go/NoGotask, in which the additional presentation of task-irrelevant novel stimuli allowed for assessment of novelty-related hippocampal activity.
In addition, to assess the relationship between functional and structural changes emerging during ALS disease-progression, we performed cross-sectional voxel-based morphometric (VBM) analyses on structural volumes acquired with magnetization transfer imaging in an independent, but socio-demographically comparable sample of 26 ALS patients and 28 controls. The magnetization transfer ratio of tissues depends on the surface chemistry and biophysical dynamics of macromolecules, as well as their tissue concentration (Cosottini et al., 2011; Eckert et al., 2004; Kato et al., 1997; Muller-Vahl et al., 2009; Wolff and Balaban, 1994) . As such it has been shown to be strongly associated with tissue integrity (Grossman et al., 1994) and reduced magnetization transfer ratios have therefore repeatedly been suggested to mirror microstructural alterations like gliosis and changes in axonal density possibly related to early-stage neurodegenerative phenomena (Eckert et al., 2004; Kiefer et al., 2009; Perez-Torres et al., 2014; Ridha et al., 2007) .
Materials and methods

Subjects
Two patient samples with sporadic ALS were recruited from the ALS outpatient clinics of the departments of Neurology at the Medical School Hannover and at the Medical School of the Otto-von-Guericke University Magdeburg. All patients met the criteria for probable or definitive ALS as defined by the El Escorial diagnostic criteria for ALS (Brooks et al., 2000) and had either a limb or bulbar onset. Exclusion criteria were other neurological conditions that could affect motor performance and cognition (e.g. stroke, traumatic brain injury). The first sample of fourteen patients took part in the fMRI experiment. The second sample of twenty-six patients participated in the VBM study. All participants underwent clinical examination on the day of study with active followup. Disease severity was assessed using the revised ALS Functional Rating Scale (ALSFRS-R; Cedarbaum et al., 1999) . Disease duration was defined as time in months between symptom onset and the date of the experiment. From these measures the disease-progression rate was then calculated as (48 − ALSFRS-R)/disease duration (Ellis et al., 1999) . In addition, the neuromuscular impairment was quantified by the five-point Medical Research Council (MRC) scale. 15 muscles were tested on the right and left for a maximum score of 150 (sternocleidomastoids, shoulder abductors and adductors, elbow flexors and extensors, wrist flexors and extensors, long finger flexors, thumb opponent, finger abductors and adductors, hip flexors, knee flexors and extensors, and ankle dorsiflexors). Good reliability and reproducibility for manual muscle testing in patients with ALS have previously been shown (Great lakes ALS Study Group, 2003; Andres et al., 1988) . Furthermore, a detailed neuropsychological assessment lasting about 2 h was performed during the baseline visit in the first sample of fourteen patients who took part in the fMRI experiment.
Forty-two healthy individuals similar to the patients in age and gender were recruited as controls. Twenty-eight of the subjects were included in the VBM study and the remaining fourteen took part in the fMRI experiment. Ethical approval for all procedures was obtained prior to study (Vote number 11/06-75/11, Ethical committee of the Medical Faculty of the Otto-von-Guericke University, Magdeburg) and all participants gave written informed consent before participation. All experimental procedures have been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments.
Subject demographics and all relevant clinical data are shown in Table 1 .
Neuropsychological assessment
For neuropsychological assessment a range of standardized neuropsychological tests were employed (see Table 2 ). Verbal memory performance was tested using the VLMT, a German version of the Rey Auditory Verbal Learning Task (Lezak et al., 2004) , and non-verbal memory using the Rey Complex Figure Test (Shin et al., 2006) . Furthermore, we measured the Digit Span and the Visual Memory Span (Lezak et al., 2004) . To address executive frontal functions, the Ruff Figural Fluency Test (Ruff et al., 1987) , the Trail-making Test (Soukup et al., 1998) , the Regensburger Verbal Fluency Test (Aschenbrenner et al., 2000) , and the copy subtest of the Rey Complex Figure Test were employed. Attention was assessed using the d2 attention test (Brickenkamp and Zillmer, 1998) . Deficient verbal memory performance was defined as abnormal performance (b2 standard deviations compared to an age matched reference population) in ≥2 different memory tasks (Phukan et al., 2012) . Executive dysfunction was defined as an abnormal performance in ≥2 different executive tests (Strong et al., 2009 ). Adjustments were made for motor disability in tasks that were time dependent (d2, Ruff Figural Fluency Test, and Trail-making Test) . The patients3 neuropsychological data are summarized in Table 2 . Based on the classification scheme suggested by Phukan et al. (2012) , 14% of the patients showed executive dysfunction (ALS-Ex, single domain), 21% had executive paired with memory dysfunction, attention dysfunction or impaired visuo-construction (ALS-Ex, multi domain) and 7% showed deficits regarding attentional performance (non-executive impairment, ALS-NECI). 58% of the ALS patients had no cognitive impairment. None of the patients fulfilled the Neary criteria for frontotemporal dementia (Neary et al., 1998) .
MRI data acquisition
fMRI data acquisition
Data were acquired on a 3-Tesla MR scanner (Siemens Magnetom Trio, Erlangen, Germany) equipped with an 8-channel head coil. The subjects viewed the stimuli through a mirror attached to the head coil, which reflected the images that were back-projected from an LCD projector onto a screen positioned behind the coil. During each run 187 volumes were acquired with a T2×-weighted echo planar imaging sequence (32 AC-PC oriented slices, TR 2000 ms, TE 30 ms, flip-angle 80°, in-plane resolution 64 × 64 mm 2 , FoV 224 × 224 mm 2 , no gap, resulting voxel-size 3.5 × 3.5 × 3.5 mm 3 ) in an odd-even interleaved sequence. Scanning parameters as well as the paradigm were the same for both scanning sessions separated by a 3-month interval.
Image acquisition for VBM analysis
Structural images for the VBM analysis were acquired on a 1.5-T GE, Signa Horizon LX scanner equipped with a standard quadrature head coil (General Electric, Milwaukee, WI, USA). The protocol for magnetization transfer imaging consisted of a proton-density weighted SE sequence (48 AC-PC oriented slices, TR = 2600 ms, TE = 20 ms, in-plane resolution 256 × 256 mm 2 , resulting voxel-size = 3 × 1 × 1 mm 3 ) both with (MT) and without (PD) a preparing saturation pulse (1200 Hz off-resonance, 1180°flip angle, 16 ms). Image post-processing included an intersequence movement correction by co-registration of the MT and PD images and subsequent calculation of the magnetization transfer ratio maps (MTR) by the formula MTR = 100 × [(PD − MT)/PD].
Experimental design
The fMRI experiment consisted of two scanning sessions separated by a 3-month interval, in both of which functional data were acquired in 4 runs of 6 min each, while subjects performed in a modified Go/ NoGo-paradigm. All subjects (14 patients and their respective controls) participating in the fMRI experiment were scanned twice. The mean interval between sessions was 95 ± 10 (standard deviation; SD) days (range: 77-112 days) for the patients and 86 ± 10 (SD) days (range: 71-116 days) for controls. During the task subjects were repeatedly presented with a target (church with 3 towers) and a highly similar non-target stimulus (church with only 2 towers, see Fig. 1 ), with which they were familiarized before the experiment. Subjects were instructed to make a speeded button-press response upon the detection of the target, but not to the highly similar non-target stimulus. In addition, our design included the presentation of novel stimuli (indoor and outdoor black-and-white pictures), each of which was presented only once throughout the experiment. The total number of novel pictures matched the number of repetitions of the target and non-target stimuli (176 presentations throughout each scanning session). Target and non-target stimuli were identical across sessions for all participants, while novel stimuli differed across sessions. In addition, to avoid memory/habituation-effects, pictures of outdoor-scenes served as novels within one and indoor-scenes in the other fMRI session (counterbalanced across subjects). All stimuli (size of 9.6 × 5.8°) were presented 4.4°above a central fixation cross for 1 s and their presentation-sequence was pseudo-randomized with an inter-trial interval varying between 2 and 6 s (mean: 2.75 s) to allow for trial separation in an event-related analysis.
fMRI data analysis
fMRI data were analyzed using SPM8 software (Wellcome Department of Cognitive Neurology, University College London, UK) and MATLAB 7.9 (The MathWorks Inc.). Functional data from both measurements were slice-time corrected and realigned. Then the mean image derived from realignment of the 2nd session was co-registered to that of the 1st session and the resultant spatial transformation matrices were applied to all volumes of the 2nd session. Finally, all images were spatially normalized to an EPI template in MNI space and smoothed with an isotropic Gaussian kernel of 8-mm full-width at half-maximum.
For statistical analysis, blood-oxygen level-dependent responses were modeled by delta functions at the time of stimulus onsets. Resultant event-regressors (Targets, Non-Targets, and Novels) were entered into a general linear model and convolved with the standard hemodynamicresponse function implemented in SPM8. Movement parameters from the realignment procedure were included as covariates into the model. The data from both scanning sessions were independently analyzed, resulting in two contrasts of interest per session and subject ("Targets N Non-Targets" and "Novels N Non-Targets"). These individual-subject contrasts then were submitted to second-level random-effects group analyses (one-sample t-tests). In addition, session-specific contrasts were directly compared against each other by second-level paired t-tests to identify activity changes within 3 months of ALS disease-progression.
All statistical parametric maps from the group analyses were thresholded at p b 0.001 (uncorrected) for voxel-level inference with a minimum cluster-size criterion of 20 contiguous voxels, and subsequent cluster-level correction for multiple testing at p b 0.05 (FWE-corrected). Given our a priori hypotheses, the significance of activated clusters in the primary motor cortex, cerebellum, and hippocampus, was assessed using small volume correction (SVC). Statistical parametric maps were visualized using MRIcron (http://www. mccauslandcenter.sc.edu/mricro/mricron/).
To directly compare the magnitude of motor-and novelty-related modulations between sessions, and for correlation of activation differences with clinical measures, a region of interest (ROI) analysis was performed using MarsBar (Brett et al., 2002) . Functional ROIs located in the left primary motor cortex (M1), bilateral cerebellum, and bilateral hippocampus were defined based on the significant clusters obtained from the second-level paired t-test group analyses on the patients3 data. Beta-estimates for the contrasts "Targets N Non-Targets" and "Novels N Non-Targets" were extracted from both fMRI measurements. These values were submitted to repeated-measures ANOVAs (RANOVA) with the factor contrast ("Targets N Non-Targets" The paradigm consisted of a modified Go/NoGo-task. Beyond repeated presentation of a target and a highly similar non-target stimulus, the design also included the presentation of novel pictures (each of which occurred only once during the entire experiment). The subjects3 task was to make a speeded button-press response upon detection of the target picture, but to withhold their response to the highly similar non-target and novel stimuli. vs. "Novels N Non-Targets") and session (1st vs. 2nd). If statistical significance (p b 0.05) was obtained, paired t-tests were applied for post hoc comparison. If significant differences in motor-or novelty-related activity across sessions were observed, correlations between these difference values and the patients3 clinical parameters (ALSFRS-R and MRC-Megascore) were assessed by Spearman3s rank correlation.
To relate the patients3 motor-and novelty-evoked activations to those of healthy individuals, mean contrast-estimates from the left M1 and bilateral hippocampus were also extracted from the control subjects3 data. Analysis of the resultant hippocampal data by RANOVA (within-subject factor hemisphere and session, between-subject factor group) revealed no main effects or interactions for the factor hemisphere. Therefore, data of both hippocampal ROIs were collapsed. The resultant values then were analyzed by RANOVA with the within-subject factor session and the between-subject factor group. If significant effects (p b 0.05) were obtained, paired t-tests (within-subject comparison) or twosample t-tests (comparison between groups) were applied for post hoc analysis.
VBM data analysis
In contrast to the fMRI experiment, MTR data from our second cohort were acquired only once. These data thus only allowed for a crosssectional comparison between patients and controls, but not for assessment of longitudinal structural changes emerging during ALS diseaseprogression. The VBM analysis on MTR data was also performed using SPM8. First, PD-weighted images from 52 healthy, aged individuals (which did not serve as control subjects in the current study) were normalized to the PD-template included in SPM8. The resulting normalization parameters were applied to the concurrently acquired MT-images of the 52 subjects. Then the normalized MT-volumes were smoothed with a 4-mm FWHM isotropic Gaussian kernel and averaged to create a scanner-specific template for normalization of our current VBM data. MT-images of our ALS patients and their respective controls were normalized to this template and the resultant normalization parameters were applied to the inherently co-registered MTR-maps. Finally, these normalized MTR-volumes were smoothed with an isotropic Gaussian kernel of 4 mm FWHM.
For statistical analysis the normalized and smoothed MTR-images were submitted to an ANCOVA with study group (ALS patients vs. controls) as the main factor, and age, as well as total brain volume as covariates. Directional t-contrasts were defined between groups, whereby only the contrast "Controls N ALS patients" revealed significant effects. To assess putative correlations between the disease-related structural changes and the patients3 clinical data we performed regression analyses on the patients3 MTR volumes by adding the their clinical data into the design as covariates (ALSFRS-R scores, MRC-Megascores, disease duration and disease progression rate), in addition to their age and total brain volumes. Beyond that, spherical ROIs (4 mm radius) were centered at the local maxima showing significant MTR differences between patients and controls in the main ANCOVA (see Table 6 for MNI-coordinates of these local maxima where ROIs were centered). From these ROIs mean MTR-values were extracted and then correlated with the patients3 ALSFRS-R scores, MRC-Megascores, their disease duration and disease progression rate using Spearman3s rank correlation.
For the SPM analyses, stereotactic coordinates for voxels with maximum t-values within significant activation clusters are reported in MNI standard space using an auxiliary voxel-level threshold of p b 0.001 (uncorrected) with a minimum cluster-size criterion of 50 contiguous voxels and subsequent cluster-level correction for multiple testing at p b 0.05 (FWE-corrected). Data were visualized using the MRIcron software package (http://www.mccauslandcenter.sc. edu/mricro/mricron/).
Results
Behavioral results
Reaction times, correct responses and false alarms (see Table 3 ) were analyzed by RANOVAs with the within-subject factor session and the between-subject factor group. These analyses revealed no significant main effects or interactions neither for the reaction times (session: F(1,26) = 0.6, p N 0.4; group: F(1,26) = 2.9, p = 0.1; group × session: F(1,26) = 0.2, p N 0.6), nor for the correct responses (session: F(1,26) = 1.8, p N 0.1; group: F(1,26) = 1.1, p N 0.2; group × session: F(1,26) = 0.6, p N 0.4), or for the false alarm rates (session: F(1,26) = 2.9, p = 0.1; group: F(1,26) = 0.2, p N 0.6; group × session: F(1,26) = 0.3, p N 0.5) of the study participants. Direct comparison across sessions (paired t-tests) also showed no significant differences for any of the behavioral measures of the patients (reaction times: T(1,13) = 0.8, p N 0.4; correct responses: T(1,13) = 1.1, p N 0.2; false alarms: T(1,13) = 0.8, p N 0.4), or controls (reaction times: T(1,13) = 0.2, p N 0.8; correct responses: T(1,13) = 1.1, p N 0.2; false alarms: T(1,13) = 1.6, p N 0.1). Taken together, the behavioral data showed no significant differences between patients and controls and also no significant alterations over scanning sessions within each of the two groups.
fMRI results
For the healthy controls we observed no differences in motor-or novelty-related activity across sessions (data not shown).
Motor-related activations in ALS patients
The "Targets N Non-Targets" contrasts from both sessions revealed activity in a variety of regions associated with the motor-system, including the bilateral primary motor cortex (M1), bilateral cerebellum, supplementary motor area, bilateral inferior frontal gyrus/ anterior insula, striatum, and portions of the thalamus (see Fig. 2A , as well as the upper and middle rows of Table 4 ). Note that maximum t-values and cluster-sizes of these activations are considerably higher during the 1st than during the 2nd session, indicative of a decrease in motorrelated activity across sessions. This assumption was validated by a paired t-test showing that motor-related activity in the left M1 and bilateral cerebellum was in fact significantly higher during the 1st than during the 2nd measurement (see Fig. 2B and bottom rows of Table 4 ).
To further corroborate this finding, contrast-estimates from ROIs located in the left M1 and bilateral hippocampus were subjected to RANOVAs with the factor contrast and session. These analyses showed a significant main effect for the factor contrast for the left M1 (F(1,13) = 37.8, p b 0.0001) and the left cerebellum (F(1,13) = 5.5, p b 0.05), as well as a significant contrast × session interaction for all 3 ROIs (left M1: F(1,13) = 32.9, p b 0.0001; left cerebellum: F(1,13) = 8.5, p b 0.05; right cerebellum: F(1,13) = 25.7, p b 0.001). Post hoc comparisons indicated that these effects were due to higher estimates for the contrast "Targets N Non-Targets" of the 1st in comparison to the 2nd measurement (see Fig. 2B ; left M1: T(1,13) = 5.2, p b 0.001; left cerebellum: T(1,13) = 3.7, p b 0.005; right cerebellum: T(1,13) = 4.9, p b 0.001).
To investigate the relationship between the activation decrease within 3 months of disease-progression and the patients3 clinical status, we correlated the magnitude of the activity reduction with the patients3 0.7 ± 0.2 0.5 ± 0.2 0.9 ± 0.2 0.5 ± 0.1
All data denote the mean ± standard error of the mean.
ALSFRS-R and MRC-Megascores (see Fig. 2C ). Therein, we observed a significant correlation between the motor-related activation decrease and the patients3 ALSFRS-R scores for both cerebellar ROIs (left cerebellum: ρ = 0.60, p b 0.05; right cerebellum: ρ = 0.54, p b 0.05), and with the patients3 MRC-Megascores for the left M1 (ρ = 0.61, p b 0.05).
Novelty-related activations in ALS patients
For both sessions, the comparison "Novels N Non-Targets" showed activations within multiple ventral occipital and temporal regions, including the middle/superior occipital, fusiform, lingual and parahippocampal gyri (see Fig. 3A and upper/middle rows of Table 5 ). In addition, stimulus novelty significantly activated the bilateral hippocampus, but due to the chosen threshold of p b 0.001 only during the 2nd measurement. Direct comparison between sessions confirmed that in the bilateral hippocampus the novelty-related activity was higher during the 2nd in comparison to the 1st session (Fig. 3B ; bottom rows of Table 5 ).
Direct comparison of these activation changes by RANOVAs with the factor contrast and session for the bilateral hippocampal ROI data showed a significant main effect for the factor contrast (left hippocampus: F(1,13) = 11.5, p b 0.005; right hippocampus: F(1,13) = 41.3, p b 0.05) and a significant contrast-by-session interaction (left hippocampus: F(1,13) = 6.7, p b 0.05; right hippocampus: F(1,13) = 8.2, p b 0.05). Post hoc comparisons revealed that these interactions were due to higher novelty-related activity during the 2nd in comparison to the 1st session (see Fig. 3B ; left hippocampus: T(1,13) = 5.0, p b 0.001; right were observed in the bilateral primary motor cortex, cerebellum, inferior frontal gyrus/ anterior insula, striatum, thalamus, and in the supplementary motor area. Note that maximum t-values and the extent of activations are considerably higher for the 1st than for the 2nd session. B) Direct comparison of motor-related activity across sessions. A decrease in motorrelated activity from the 1st to the 2nd measurement was evident in the left primary motor cortex and bilateral cerebellum, which was confirmed in a ROI-analysis (see bar graphs). C) Correlation of ROI-results and the patients3 clinical data. The decrease in motor-related activity correlated with the patients3 ALSFRS-R scores for both cerebellar ROIs, while in the primary motor cortex it correlated with their MRC-Megascores.
hippocampus: T(1,13) = 3.9, p b 0.005). Finally, these novelty-related activation differences showed a negative correlation with the patients3 ALSFRS-R scores for both hippocampal ROIs (see Fig. 3C for graphical illustration; left hippocampus: ρ = −0.60, p b 0.05; right hippocampus: ρ = −0.63, p b 0.05).
Motor-and novelty-related activations in patients relative to controls
The within-subject analyses presented so far revealed a decrease of motor-related and an increase of novelty-evoked activity in patients during the 3-month interval. These data on their own, however, did not allow inferring about the relative course of these changes compared to functionally intact neural activations. To overcome this limitation, beta-estimates from the ROIs covering the left M1 and bilateral hippocampus were also extracted from the control subjects3 functional data and compared to those of the patients3.
For both the hippocampal and motor-related activations analyses by RANOVAS revealed a significant main effect for the factor session (left M1: F(1,26) = 8.8; p b 0.01; hippocampus: F(1,26) = 11.6; p b 0.005) and a group-by-session interaction (left M1: F(1,26) = 4.4; p b 0.05; hippocampus: F(1,26) = 4.6; p b 0.05). For the left M1, post hoc analyses indicated that the interaction effect was due to a significantly higher motor-related activity in patients compared to controls (see Fig. 4A ) during the first (T(1,13) = 2.3, p b 0.05), but not during the second session (T(1,13) = 0.7, p N 0.5). This pattern was also reflected by a significant decrease of motor-related activity in patients between the 1st and 2nd sessions (T(1,13) = 5.2, p b 0.001; see also Fig. 2) , which was absent in controls (T(1,13) = 0.5, p N 0.6). For the hippocampal data ( Fig. 4B) , in contrast, the post hoc analyses did not show significant differences in novelty-evoked activity between groups for any of the two sessions (1st session: T(1,13) = -0.5, p N 0.5; 2nd session: T(1,13) = 1.6, p N 0.1). Within each group, however, direct comparisons between sessions revealed a significant increase of novelty-evoked activity in the patients (T(1,13) = 5.1, p b 0.001), but not in controls (T(1,13) = 0.7, p N 0.4).
VBM results
The between-group VBM analysis revealed several clusters of significantly reduced magnetization transfer ratio (MTR) in ALS patients compared to healthy controls (see Fig. 5 ) indicative of neurodegenerative processes leading to substance loss/alterations in these regions. The reduced MTRs were located in the bilateral pre-/postcentral gyrus, orbitofrontal cortex, hippocampus, thalamus, striatum, and left inferior frontal gyrus (see Table 6 for MNI-coordinates and maximum t-values).
To assess a putative relationship between these structural changes and the patients3 clinical state, we performed regression analyses using their clinical measures as covariates (ALSFRS-R scores, MRC-Megascores, disease duration and disease progression rate). In addition, we assessed putative correlations between the clinical data and the patients3 mean MTR-values extracted from spherical ROIs centered at the local activation maxima of the between-group analysis. Using these two approaches we did not observe significant correlations between the patients3 MTRvalues and their disease state as indexed by any of the clinical measures employed in our analyses (ALSFRS-R scores, MRC-Megascores, disease duration and disease progression rate).
Comparison of fMRI and VBM results
The fMRI part of the current study aimed at investigating how motor-and novelty-related regions are functionally affected within the short interval of 3 months of ALS-progression. The volumetric analyses aimed at identifying regions that display alterations of brain tissue in socio-demographically comparable patients at similar disease stages. Therefore, we superimposed the statistical maps obtained for the functional differences between measurements with those indicating the structural alterations onto an anatomical template image. By this means we observed a considerable overlap between the structural alterations identified by the VBM analysis and the functional reduction in motor-related activity in the course of ALS disease-progression within the left M1 (illustrated in magenta in Fig. 6 ). In addition, the motorrelated functional alterations within the striatum and thalamus lay in close proximity to the structural alterations affecting these regions (compare red and blue maps in Fig. 6 Table 4 and bottom rows of Table 5 ). Similarly, a comparison between the functional changes in novelty processing across sessions and our VBM results revealed an overlap (shown in yellow in Fig. 6 ), or at Fig. 3 . Functional alterations in novelty processing related to ALS disease-progression. A) Novelty-related activity ("Novels N Non-targets") from the 1st and 2nd fMRI sessions. Noveltyrelated activity was observed across multiple ventral occipital and temporal regions, including the middle/superior occipital, fusiform, lingual and parahippocampal gyri. In addition, significant hippocampal novelty-related activations were evident during the 2nd measurement (compare activation maps between the upper and lower rows). B) Direct comparison of novelty-related activity across sessions. A decrease in hippocampal novelty-related activity occurred from the 1st to the 2nd measurement, which was confirmed by a subsequent ROIanalysis (see bar plots). C) Correlation of hippocampal ROI-results and the patients3 clinical data. The hippocampal activation-increase showed a negative correlation with the patients3 ALSFRS-R scores for both ROIs. least a very close proximity (compare red and green maps in Fig. 6 ) between structural and functional changes in the bilateral hippocampus (the corresponding activation maxima are shown in Table 4 and bottom rows of Table 6 ).
and activation maxima in
Discussion
Using a longitudinal within-subject design, the current study revealed motor-and memory-related functional alterations emerging within only 3 months of ALS disease-progression. Importantly, motor activity decreased during the 3-month interval, while novelty-evoked hippocampal activity increased at the same time. In addition, these functional changes displayed opposite correlations with clinical measures: While the motor-evoked activity correlated positively with the patients3 clinical status (ALSFRS-R and MRC-Megascores), the hippocampal activations showed an inverse pattern. These results indicate that hippocampal and motor-system lesions emerge at different disease stages: The relative decrease in motor activity might reflect a breakdown of compensatory mechanisms due to ongoing progressive neural loss, while the hippocampal activation increase, in contrast, most likely constitutes the initial built-up of compensatory processes to overcome dysfunctions typically observed at the beginning of lesions (Bookheimer et al., 2000; Dickerson and Sperling, 2008; Woodard et al., 2009 ). Finally, our additional cross-sectional voxel-based morphometric Fig. 4 . Comparison of motor-and novelty-related activations between patients and controls. Values denote differences in beta-estimates between A) target and non-target trials or between B) novel and non-target trials. Black and white bars depict values for the 1st and 2nd scanning sessions, respectively. Control subjects3 data are shown on the left and the patients3 data on the right. Values represent the mean ± standard error of the mean. A) ROI-analysis comparing motor-related activity across sessions and groups. Patients displayed higher motor-related activity in the left primary motor cortex during the 1st scanning session and a significant decrease between sessions, which was absent in controls. B) ROI-analysis comparing novelty-evoked activity across sessions and groups. For both sessions there were no significant differences in hippocampal novelty-evoked activity between groups. Direct within-subject comparisons, however, revealed thatin contrast to controlsthe patients3 novelty-related hippocampal activity increased from the 1st to the 2nd session.
(VBM) analyses in an independent sample of patients identified structural alterations at the same locations where changes in hemodynamic activity were observed. Thus, our findings indicate a close relationship between functional and structural changes and provide important insights into the temporal dynamics of functional changes during ALS disease-progression.
Functional motor-system alterations during ALS disease-progression
In line with most previous studies (Kew et al., 1993; Kollewe et al., 2011; Konrad et al., 2002; Mohammadi et al., 2011; Schoenfeld et al., 2005) , our ALS patients displayed an increased motor activity compared to controls during the initial measurement. Such increased activitylevels or recruitments of additional regions have previously been interpreted as functional compensation or reorganization within the motor-system. This network showing increased or exclusive motorrelated activity in patients relative to controls comprised regions in the primary sensorimotor and premotor cortices, supplementary motor area, dorsal anterior cingulate cortex, cerebellar motor regions and parts of the striatum and thalamus Konrad et al., 2002; Mohammadi et al., 2011; Schoenfeld et al., 2005) . These findings were attributed to an ALS-related cortical hyperexcitability due to the loss of inhibitory interneurons (Maekawa et al., 2004) , accompanied by reduced short-interval intracortical inhibition (Ziemann et al., 1997) and lower binding rates of the GABA-A receptor ligand flumazenil (Turner et al., 2005) . Importantly, however, at later disease-stages decreased activations in the sensorimotor and premotor areas have also been described Tessitore et al., 2006) . The most plausible explanation for this pattern of changes was that after an initial compensatory hyperactivation or recruitment of additional areas, ongoing neurodegeneration during disease progression causes a breakdown of the compensatory mechanisms, finally resulting in decreased activity levels compared to earlier (within-subject) measurements or relative to controls.
Our data fully support this view. For one, the pattern of motorrelated activations closely resembled that described in previous studies on motor-network functions in ALS Konrad et al., 2002; Mohammadi et al., 2011; Schoenfeld et al., 2005) and within this network we observed a hyperactivation in patients compared to controls during the initial measurement. Beyond that, we observed a relative (within-subject) reduction in the patients3 motor-related activity in the left primary sensorimotor cortex and bilateral cerebellum after only 3 months, which is consistent with the idea that degenerative changes in motor regions start long before clinical signs are apparent (Schoenfeld et al., 2005) . Further support is provided by the observation that the magnitude of the activity reductions correlated with the patients3 uncorrected) . Clusters of significantly reduced MTR (ALS b controls) were detected within the bilateral precentral gyrus and several subcortical regions, including the bilateral hippocampus, thalamus and striatum (see Table 6 for MNI-coordinates and maximum t-values). clinical status: Higher ALSFRS-R or MRC scores (less disability/ earlier disease stage) were accompanied by more pronounced decreases in motor activity during the 3-month interval. Taken together, these data corroborate the idea of a continuously changing motor-network function in ALS, indicating that activity changes in the motor-system caused by progressive neurodegeneration are most pronounced at early stages of the disease, while the breakdown of functional compensatory processes occurs later.
Functional changes in the hippocampus during ALS disease-progression
Traditionally considered as a neurodegenerative disease selectively affecting the motor-system, ALS is now conceptualized as a multisystem disorder also affecting other cognitive domains. While only a proportion of ALS patients develop actual clinical signs of frontotemporal dementia (Lomen-Hoerth et al., 2002) , milder cognitive and behavioral impairments occur in up to 50% of the patients (Hammer et al., 2011; Lomen-Hoerth et al., 2002; Phukan et al., 2012; Raaphorst et al., 2010) . In agreement with these data, we observed cognitive deficits in more than 40% of our patientspredominantly but not exclusively in the form of executive dysfunctions. Moreover, comparable to earlier studies (Hammer et al., 2011; Mantovan et al., 2003; Phukan et al., 2012; Raaphorst et al., 2010) , 14-21% also exhibited deficits in the memory domain.
However, although memory dysfunctions and concordant hippocampal neurodegeneration (Anderson et al., 1995; Grosskreutz et al., 2006; Kato et al., 1997; Neumann et al., 2006; Takeda et al., 2009; Takeda et al., 2007; Wightman et al., 1992) have repeatedly been described, no study so far directly addressed a potential functional affection of the hippocampus in ALS. Particularly, it is not clear how the hippocampal lesions evolve over time and how they translate into hemodynamic activity changes. To bridge this gap, the current taskdesign comprised the presentation of task-irrelevant novel stimuli shown to elicit robust hippocampal activations (Bunzeck and Duzel, 2006; Stoppel et al., 2009) . Beyond this robust activation of the hippocampus, the novelty-processing network activated by this task-design comprised occipital vision-related (fusiform and lingual gyrus) and temporal memory-related (parahippocampal gyrus and hippocampus) regions (Bunzeck and Duzel, 2006; Stoppel et al., 2009) , which showed no overlap to the classical motor-network described above. In contrast to the activity in this motor networkwhich was initially higher than in controls and decreased in the 3-month interval − the hippocampal activations were higher in the second measurement and not different from that in healthy controls. Such increased hippocampal responses have previously been described in mild cognitive impairment and interpreted as a compensatory recruitment of neural resources to overcome early disease stage dysfunctions (Bookheimer et al., 2000; Dickerson and Sperling, 2008; Woodard et al., 2009) . Moreover, similar hyperactivations across different brain areas indicating fresh lesions were observed in other early-stage neurodegenerative disorders such as pre-manifest Parkinsonism or Huntington3s disease (Buhmann et al., 2005; Kloppel et al., 2009) . Given that most of our patients showed no or only slight memory impairments, the hippocampal hyperactivity in the second measurement might indeed reflect such compensation processes to overcome early lesions (Agosta et al., 2010; Anderson et al., 1995; Takeda et al., 2009; Tsermentseli et al., 2012) . Consequently, the present results suggest that hippocampal dysfunctions develop at later disease stages than the motor-system lesions. This is further supported by the inverse correlation between the hippocampal activity increase and the patients3 ALSFRS-R scores (i.e. a more pronounced enhancement was evident at later stages of the disease).
In this context it has to be noted that an increase of hippocampal novelty-related activity only was observed in the patient group, while no significant differences were observed in comparison to controls or within the control group across the 3 months. This is most likely due to the fact that the relative increase of hemodynamic activity in patients is a rather small effect and therefore not significantly different from the stable activity level of controls (that probably lies in between the activation level of the first and second measurements in ALS patients). This points out to the importance of longitudinal designs for studying disease-related neurodegenerative changes and provides a convincing explanation why previous studies that compared ALS patients with controls did not find hemodynamic activity-differences in the hippocampus. Strong decreases of activity in this region are certainly present at later stages of the disease, while early stages seem to be rather indexed by a compensatory activity-increase as observed in the present study.
Structural alterations in ALS patients relative to controls
Several studies described structural neurodegenerative alterations in ALS not only within motor areas, but also across multiple frontotemporal, limbic or subcortical structures (Agosta et al., 2010; Anderson et al., 1995; Grosskreutz et al., 2006; Kato et al., 1997; Neumann et al., 2006; Takeda et al., 2009; Tsermentseli et al., 2012; Wightman et al., 1992) . As for the functional results, the pattern of changes was quite inconsistent across studies, probably due to differences in the disease stages of the patient populations. In addition, early-stage neurodegeneration is primarily indexed by microstructural alterations as e.g. intra-or extracellular matrix alterations, gliosis and axonal density-changes (Douaud et al., 2013; Khandelwal et al., 2011; Robberecht and Philips, 2013) , which are not well detected by VBM based on T1-weighted brain volumes (Kabani et al., 2002; van der Flier et al., 2002) . To address this problem, we employed magnetization transfer imaging, which detects not only volumetric changes (as e.g. neuronal loss or tissue shrinkage) but also microstructural alterations dependent of tissue myelination, axonal density, or gliosis (Grossman et al., 1994; Hanyu et al., 2000; van Waesberghe et al., 1999; Wolff and Balaban, 1994) . This analysis is therefore sensitive to lesions present at early stages of neurodegeneration, as it has previously been demonstrated for several other diseases (Eckert et Fig. 6 . Overlap between structural and functional alterations. Results from the VBM analysis (illustrated in red) and for changes in motor-(blue) and novelty-related (green) activity were superimposed onto an anatomical template image. Direct overlap of functional motor-related (fMRI) and structural (VBM) alterations is shown in magenta, while overlap between functional novelty-related and structural alterations is illustrated in yellow. et al., 2007) . Using a cross-sectional design, we thereby identified MTR-reductions in most previously described regions evident in T1based volumetric analyses, including the precentral gyrus, frontal/ orbitofrontal cortex, hippocampus, thalamus, and striatum. For most of these regions, however, results were inconsistent across previous investigations on T1-weighted images. Beyond that, most previous studies employing MTR to investigate structural differences related to ALS only focused on changes within the corticospinal tract (da Rocha et al., 2004; El Mendili et al., 2014; Kato et al., 1997; Tanabe et al., 1998; Verstraete et al., 2014) and to date only two studies analyzed MTR on whole-brain data in ALS using a ROI-based approach (Cosottini et al., 2011) or voxel-based volumetric analyses (Cosottini et al., 2013) . These two studies also revealed changes in MTR across several motor/premotor and extra-motor regions, which is in good agreement with the current results. Importantly, beyond these previously described differences at cortical sites our analyses also revealed MTR reductions across several subcortical areas (hippocampus, thalamus and striatum). While previous imaging analyses (which mainly relied on T1-weighted brain volumes) failed to demonstrate ALS-related structural changes in these regions, histopathological investigations did show their affection during the course of the disease. Thus, our current results suggest that wholebrain VBM analyses based on magnetization transfer imaging are potentially more sensitive to early structural damage in rapid progressive neurodegenerative disorders.
Relationship between structural and functional changes in ALS
The fMRI part of the current study sought to investigate how motorand novelty related regions are functionally affected within the short interval of 3 months of ALS progression, while the volumetric analyses aimed at identifying regions showing alterations of brain tissue in another group of socio-demographically comparable patients at similar disease stages using a cross-sectional design. Although the fMRI study was performed in a different patient sample than the VBM analysis, we sought to look roughly for commonalities between the functional alterations during disease progression and the structural changes obtained by means of our cross-sectional design. For this aim, we superimposed the statistical maps obtained for the functional differences between fMRI measurements from the first sample with those indexing the ALS related tissue differences from the larger second sample. Despite this rather coarse approach we observed a high degree of overlap between the disease-related changes in hemodynamic activity and those regions that are subject to structural damage (see Fig. 6 ). This was the case not only for functional alterations in motor regions, but also for those in the limbic system. Being aware that structural changes are the result of neural degeneration on a longer time scale, while hemodynamic measures reflect changes on a much shorter one, the high degree of overlap indicates that in ALS the functional changes occur in the same regions that are subject to structural damage.
Given that our structural and functional data were acquired using two separate cohorts on two different scanners, we acknowledge that no hard conclusions should be drawn despite the high degree of overlap between the structural and functional results. Thus, future withinsubject comparisons clarifying to which extent the structural and functional changes in fact overlap are mandatory. Despite this fact, we nevertheless believe that our results are of rather high reliability, since the high degree of spatial overlap was achieved not because, but although the data were acquired under conditions of rather high variability (different scanners/ different cohorts).
Conclusions
The current longitudinal study revealed functional alterations in motor-and memory-related regions within only 3 months of ALS disease-progression. Moreover, we observed ALS related tissue differences at the same anatomical locations in a second patient sample studied cross-sectionally. These results indicate that ALS is a multisystem disorder, in which the hippocampus also is affected. Moreover, the dynamics of the observed fMRI changes suggest that the functional affection of motor-and memory-related regions emerges at different stages of ALS: While the motor-system lesions develop rather early, the hippocampal dysfunctions arise later in the course of the disease.
The knowledge of the progression-related dynamics within different functional systems (motor, memory etc.) during the course of ALS is essential for understanding the nature and development of the disease and provides a tremendous potential for fMRI to become a diagnostic tool in the future. The present data highlight the value of longitudinal fMRI investigations designed to specifically address particular functional alterations emerging during the progression of ALS and signify their potential usefulness as a diagnostic tool for neurodegenerative disorders.
